Cancer is a deadly disease primarily because of the ability of tumor cells to spread from the primary tumor, to invade into the connective tissue, and to form metastases at distant sites. In contrast to cell migration on a planar surface where large cell tractions and contractile forces are not essential, tractions and forces are thought to be crucial for overcoming the resistance and steric hindrance of a dense 3-dimensional connective tissue matrix. In this review, we describe recently developed biophysical tools including 2-D and 3-D traction microscopy to measure contractile forces of cells. We discuss evidence indicating that tumor cell invasiveness is associated with increased contractile force generation.
strong do they adhere to the matrix? What size holes are they able to squeeze through, and what are the forces during amoeboid versus mesenchymal invasion strategies?
Forces in cell migration on 2-D substrates
Most of what we know today about cell migration, mechanical tensions and forces is derived from studies of cells cultured on planar substrates (e.g. tissue culture plastic or glass, or polyacrylamide hydrogels). Methods to visualize traction forces during cell migration in 2-D culture systems have been used for several decades (Harris et al., 1980; Pelham and Wang, 1997) and were more recently developed into quantitative tools (Butler et al., 2002; Dembo and Wang, 1999; Raupach et al., 2007; Sabass et al., 2008) . The principal idea behind these methods is the measurement of the deformations of an elastic substrate with known elastic modulus (such as polyacrylamide) on which adherent cells are plated. As the cells adhere and spread, they generate tractions and thereby deform the substrate. The tractions can then be computed from the substrate displacements using continuum mechanics theory. Measurement of the displacement field is accomplished by tracking small fluorescent beads that are embedded near the surface of the substrate gel. The elastic modulus of the polyacrylamide substrate can be adjusted within a wide range by changing the acrylamide and bis-acrylamide cross-linker density (Pelham and Wang, 1997; Yeung et al., 2005) . The spatial resolution of the traction map obtained with this method approaches 1 µm under ideal conditions, which is sufficient to resolve the forces from individual focal adhesions (Sabass et al., 2008) .
2-D traction microscopy has brought a wealth of new insights into the mechano-biology of cells and cancer cell migration in particular (Mierke et al., 2007a, b; Raupach et al., 2007; Runz et al., 2008) . For example, cells feel and respond to the stiffness of their extracellular matrix by a dynamic regulation of adhesion receptor (integrin) clustering, focal adhesion complex formation, and cytoskeletal architecture remodeling (Discher et al., 2005) . As a consequence, contractile force generation and cell migration are strongly influenced by the mechanical properties of the matrix (Pelham and Wang, 1997) .
Forces in cell invasion through 3-D connective tissue
How such a force feedback mechanism plays out in a 3-D environment is currently not well understood; force generation, migratory behavior, cell adhesion, focal adhesion formation, cytoskeletal organization, and dynamics of cancer cells in 2-D culture have been shown to substantially differ from those observed in a 3-D environment where cells are embedded in a flexible, degradable 3-D extracellular matrix (Cukierman et al., 2001; Zaman et al., 2006) . The speed of 3-D cell migration, regardless of cell type, is governed by the balance between four biophysical processes (Zaman et al., 2006) (Fig. 1) : 1) Contractile forces need to be generated that help the cell to pull itself through a dense matrix network. 2) These contractile forces need to be transmitted to the surrounding extracellular matrix via cell adhesions, such as integrins. Moreover, the adhesive bonds need to be sufficiently strong under the load imposed by the contractile forces, but they also need to de-adhere in time in order not to permanently hold the cell back. 3) As the cell squeezes through the matrix network, the cell's resisting elastic and frictional forces against cell shape changes need to be sufficiently small, or else the cytoskeleton needs to be able to dynamically remodel itself to accommodate the necessary shape changes. 4) The resisting (mostly elastic) forces imposed by the matrix when it is deformed as the cell wedges itself through the matrix network need to be sufficiently small, or else the cell needs to degrade the matrix network enzymatically to decrease matrix resistance and steric hindrance. Matrix resistance plays no role in 2-D migration where cell adhesion, deadhesion and the ability to remodel cytoskeletal structures are the only important mechanical parameters that influence migration speed, whereas the forces needed to overcome the viscous drag imposed by the liquid environment are negligible.
3-D force assays
To estimate the forces that cells exert in a 3-D environment, gel contraction assays have been developed and used in numerous studies (Bell et al., 1979; Berendsen et al., 2006; Cooke et al., 2000; Smith et al., 2006) : Cells are mixed with collagen prior to gelation into a disk. The gel disk has free boundaries (or is only loosely attached to the wall of the culture dish) and shrinks when the cells exert contractile forces. From the gel shrinkage (assessed from the gel diameter), a qualitative estimate of the contractile forces can be obtained. Theoretically, a quantitative estimate of the average forces generated by the cells inside the gels could also be obtained if the cell number and the viscoelastic gel properties are known and if the spatial cell density distribution and cell orientation is homogenous and isotropic throughout the gel. In practice, however, these prerequisites are not satisfied. Moreover, cells can remodel their extracellular matrix by compacting the matrix, by secretion of matrix-degrading enzymes or by secretion of new matrix proteins, and as a consequence, the local and global viscoelastic properties of the gels can significantly change over time (Bell et al., 1979; Leung et al., 2007) . Although the matrix remodeling can be continuously monitored by twisting micrometerscale ferrimagnetic beads embedded throughout the gel and measuring the angular bead rotation, those measurements do not have the sensitivity and spatial resolution needed for a quantitative estimate of cell forces (Leung et al., 2007) . To further complicate matters, cells modify their biomechanical properties in response to the rheological properties (e.g., stiffness), the structural properties (e.g., mesh size, fiber orientation) and the biochemical properties (adhesive ligands) of the extracellular matrix (Discher et al., 2005; Paszek et al., 2005; Pelham and Wang, 1997) . Current computational models of cell migration in 3-D matrices are limited because they largely ignore such active cell responses (Zaman et al., 2005 (Zaman et al., , 2006 .
3-D traction microscopy
For a quantitative estimate of cell tractions and contractile forces of single cells in a 3-D extracellular matrix, it seems feasible, at least in principle, to extend the 2-D traction microscopy method described above to the third dimension. The following modifications of the 2-D method described above would be necessary. First, instead of a polyacrylamide hydrogel, a reconstituted connective tissue matrix (e.g., collagen or Matrigel) can be used. Invasive cancer cells are able to spontaneously invade deep into such gels. Second, instead of a single layer of fluorescent beads at the gel surface, they need to be randomly dispersed throughout the matrix. By taking multiple images at different focal depth of the matrix gel, one can then determine the x, y, z position of the fluorescent beads. Third, from changes in the bead position (either measured over time, or after cell treatment with drugs relaxing the contractile forces of cells and inducing cell detachment), certain measures of contractile force generation such as the elastic strain energy can be computed.
There are numerous challenges ahead, however, before such an approach will become a routine tool. First, measurements of the deformation field in 3-D are considerably more difficult compared to a 2-D situation. Image stacks with a z-focus distance of 2 µm between adjacent images over a total z-height of approximately 500 µm need to be recorded. The need for sufficient data storage capacity and long image acquisition time (> 1 min) for a single image stack, and the potentially harmful light exposure, will restrict the measurement time.
Computing the x, y and z position for each of the typically far more than 10,000 fluorescent beads within the image stack with an accuracy of better than 30 nm poses additional challenges. Because at least two image stacks are needed to measure cell tractions -one stack each before and after the addition of traction-releasing drugs such as trypsin/EDTA, ML-7, cytochalasin D, or latrunculin A (see Fig. 3 ) -it is necessary to identify the same bead in two image stacks, which can be difficult when large deformations have occurred.
The second challenge is the measurement of the elastic modulus of the 3-D matrix gels. Unlike polyacrylamide gels, collagen gels are not elastic but viscoelastic, they are not linear but stiffen with increasing strain, and they are not amorphous but filamentous. Because of the filamentous nature of collagen gels, it is not even clear to what degree the macroscopic rheological properties that one can measure with a plate rheometer reflect the microscopic properties experienced by the cell.
The third challenge is the computation of the traction field. In the case of 2-D traction microscopy, the gel can be approximated as a semi-infinite solid, and the gel displacements that result from a point traction on the gel surface are described by an analytically known Green's function (Butler et al., 2002) . In the case of a 3-D gel, the boundary conditions such as the free upper gel surface (usually overgrown with cells that have not yet invaded) and the fixed lower surface, as well as the non-linear rheological properties of the gel need to be considered, and the Green's function under such conditions is unknown. Moreover, the invaded cell may have generated a path through the gel by secreting matrix-degrading enzymes. Finally, the deformation field of the gel is known only at the locations of the embedded fluorescent beads, which are so sparse (approximately 10-15 µm apart) that the traction reconstruction would severely underestimate the true tractions, although the latter problem may be eased by using the matrix filaments themselves to track the deformation field, as shown in Figure 2 .
One way of overcoming these problems is to use the elastic strain energy stored in the matrix as a robust estimate of contractile cell forces (Butler et al., 2002) . The elastic strain energy can be obtained from the local matrix strain between adjacent fluorescent beads, and only the matrix rheological properties but not the boundary conditions need to be known. Wyckoff et al. (2006) used glass microneedles to calibrate the gel deformations that arise from a point source, and they estimated that the total traction forces of rat mammary adenocarcinoma cells (MTLn3) are between 10-20 nN. Calibration measurements of the deformation field in collagen gels that result from point forces (generated with magnetic tweezers (Kollmannsberger and Fabry, 2007) ), and measurements in MDA-MB-231 human breast carcinoma cells (Fig. 2) show forces that are at least one order of magnitude higher (unpublished). But even 10-20 nN is a substantial force that can significantly enhance the ability of cells to migrate through a dense connective tissue matrix. As such, it is a tenable hypothesis that cancer cells can become more invasive by becoming more contractile. Indeed, this hypothesis is supported by a recent report (Mierke et al., 2007b) . It is, then, also conceivable that pharmacological interventions that alter the contractile properties of cancer cells may offer new therapeutic strategies to reduce cancer cell invasiveness. In the following section, we give a brief outline of the signal transduction pathways that regulate contractile forces in cancer cells (Fig. 3) .
Signal transduction pathways involved in contractile regulation
Generation of contractile force is essential for important biological processes such as cytokinesis, chemotaxis, tissue remodeling, and invasiveness (Wyckoff et al., 2006; Yee et al., 2001) . In both smooth muscle and non-muscle cells, contraction is powered by the myosin II motor protein complex, which is activated when the myosin II regulatory light chain (MLC) is phosphorylated. Phosphorylation of the MLC of the myosin II motor complex induces its interaction with actin, which thereby activates the myosin ATPase, resulting in enhanced cell contractility. The rapid generation of contractile forces is predominantly governed by the Ca 2+ /calmodulin-stimulated myosin light chain kinase (MLCK); at a longer time scale, contractile forces are modulated by kinases associated with the Rho-family GTPases (Yee et al., 2001 ).
The MLC phosphorylation status depends mainly on the balance in the activities of MLCK and myosin light chain phosphatase (MLCP). MLCP is composed of three subunits: a catalytic subunit -protein phosphatase type 1 (PP1), a myosin-binding subunit (MBS), and a small noncatalytic subunit. Rho-family GTPases RhoA, RhoC, Cdc42, and Rac1 modulate MLC phosphorylation and acto-myosin contractility through their associated kinases (Zhao and Manser, 2005) .
The monomeric GTPases RhoA and RhoC act through their downstream effector, Rhoassociated kinase (ROCK) (Ishizaki et al., 1996; Sahai and Marshall, 2002) . ROCK can phosphorylate MLC directly at Ser-19 both in vitro and in vivo (Totsukawa et al., 2000; Wyckoff et al., 2006) , but the main effect of ROCK on MLC phosphorylation is its ability to prevent the dephosphorylation of MLC via MLCP inhibition Somlyo and Somlyo, 2000; Sward et al., 2000) . ROCK phosphorylates MLCP at the inhibitory site Thr-695/696, and at Thr-850/853 at the PP1 subunit where it induces its dissociation from myosin (Ito et al., 2004; Tan et al., 2001; Velasco et al., 2002) .
ROCK-dependent phosphorylation of MLC was found to be crucial for the localization and correct organization of MLC at the cell cortex, and has been implied in force generation in invading tumor cells with amoeboid morphology (Wyckoff et al., 2006) . Recently, it has been shown that ROCK also phosphorylates and activates zipper-interacting protein kinase (ZIPK). ZIPK can regulate MLC phosphorylation through either phosphorylation and inhibition of MLCP, or direct phosphorylation of MLC (Hagerty et al., 2007) .
In contrast to Rho, the Rac effector p21-activated kinase 1 (PAK1) inhibits MLCK (Sanders et al., 1999) . Down-regulation of MLC phosphorylation through Rac results in dynamic morphological changes that are associated with 2-D cell migration, in particular the extension of membrane ruffles into membrane protrusions.
Cdc42 can both activate and inhibit MLC phosphorylation. The activation of MLC phosphorylation is mediated by the Cdc42 effector, myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK) (Leung et al., 1998) . MRCK cooperates with ROCK to control MLC phosphorylation through the inhibitory phosphorylation of the MBS of MLCP Kimura et al., 1996; Tan et al., 2001; Wilkinson et al., 2005) . Conversely, Cdc42 can interact with PAK1 (Manser et al., 1995; Sanders et al., 1999) , and in smooth muscle, Cdc42 was shown to inhibit MLC phosphorylation (Murthy et al., 2003) . Taken together, the small GTPases Rho, Rac and Cdc42, can both inhibit or increase MLC phosphorylation. The net effect and the integrated cellular responses that follow the activation of Rho, Cdc42 and Rac may depend on the precise temporal coordination of GTPase activation, as well as the intracellular localization and extent of MLC phosphorylation (Sanders et al., 1999) .
Mechanisms of amoeboid motility in 3-D
Amoeboid cell migration results from more dynamic, transient and less defined cell-substrate contacts associated with amoeboid cell shape (Gunzer et al., 2000) . Recently, amoeboid cell migration was identified as a mechanism of tumor cells to invade connective tissue without extracellular matrix degradation (Wolf et al., 2003) . Two different modes of amoeboid migration through the extracellular matrix can be distinguished.
HT-1080 fibrosarcoma cells, upon treatment with a protease inhibitor cocktail (to prevent the structural remodeling of collagen by the cells), switched from a mesenchymal migration strategy to an amoeboid migration/invasion mode (Wolf et al., 2003) . This proteaseindependent migration is characterized by an adaptation and alignment of the cell body along collagen fiber strands and consecutive migratory guidance along fibrillar scaffolds. To overcome narrow regions in the collagen network, cells form pseudopods through matrix gaps. This step is followed by constriction and propulsion of the cell body to "squeeze" through the confinements imposed by matrix fibers. These constrictions persist until the cell squeezes or pulls itself out of the confinement (Wolf et al., 2003) . The entire process occurs without apparent deformations of the matrix.
In contrast, it has been reported that MTLn3E breast carcinoma cells are able to deform collagen fibers during invasion (Wyckoff et al., 2006) . Unlike HT-1080 fibrosarcoma cells, the MTLn3E breast carcinoma cells naturally have an amoeboid morphology and show an amoeboid-type migration through the extracellular matrix also in the absence of a protease inhibitor cocktail. During migration, the MTLn3E cells appeared to push away the collagen at the front, while no consistent pattern of collagen deformation was observed at the rear end of the cells. In cases where cells extend a protrusion that is retracted without leading to translation of the cell body, collagen is pulled toward the cell, indicative of contractile forces. The forces needed to deform the collagen matrix are thought to be generated by actomyosin interactions (as described in (Meshel et al., 2005) ). Consistent with this hypothesis, it has been reported that blebbistatin, a non-muscle myosin ATPase inhibitor, dramatically reduced the extent of collagen deformation (Wyckoff et al., 2006) . MLC is organized in MTLn3E cells perpendicularly to the direction of movement behind the invading edge. Both the organization and phosphorylation of MLC at the leading edge and the force generation are dependent upon ROCK function.
The following model was proposed for amoeboid invasion of MTLn3E breast carcinoma cells (Wyckoff et al., 2006) : As a first step, an F-actin-rich protrusion is extended. Subsequently, cell-matrix adhesions form to connect the F-actin network with the extracellular matrix. ROCK localizes to the invading protrusions, promotes MLC phosphorylation, and enables actomyosin interactions. This leads to the formation of a dense, tensed actin mesh behind the invading cell edge. The cell-matrix adhesions are formed predominantly in front of this contractile zone; therefore, the net effect of the actomyosin contraction is to move the whole cell body toward the adhesions at the protrusion front. Actin and MLC co-localize throughout the cell cortex and drive the cell forward, analogous to the dynamic network model that was proposed for migrating fish keratocytes (Svitkina et al., 1997; Wyckoff et al., 2006) . The role of ROCK in this process is particularly important; besides regulating MLC phosphorylation, ROCK also regulates the localization of MLC to the cell cortex, and the density and turn-over dynamics of the cortical actin network. However, it remains elusive how the cell orchestrates cytoskeletal tension, dynamics and reorganization, protrusive forces, and contractile traction forces during migration through the extracellular matrix.
Concluding remarks
Different cell types employ diverse migrating strategies. It is generally thought that more invasive tumor cells express more adhesion receptors and secrete more proteolytic enzymes compared to non-invasive cells (Rolli et al., 2003) , but exceptions are possible. For example, after blocking pericellular proteolysis, cells change their migration strategy from a mesenchymal to an amoeboid pattern (Wolf et al., 2003) . No single factor alone can explain the large differences seen in the invasive behavior between different cancer cell types. Apart from the secretion of proteolytic enzymes, the expression of integrins, their adhesive bond stability, and the speed of cytoskeletal remodeling, traction forces appear to be particularly important for cell migration. While traction forces have been studied in 2-D assays, these results cannot be generalized to cell migration in 3-D. Similarly, other parameters that affect cell migration in 2-D systems, such as matrix composition or matrix stiffness, need to be reevaluated in 3-D culture systems. Prerequisites for efficient cell invasion. TEM image of an MDA-MB-231 breast carcinoma cell invading into a 3-D collagen matrix. The ability to invade through connective tissue is governed by the balance between four biophysical processes: 1) contractile force generation, 2) transmission of contractile forces via cell-matrix adhesions (integrin expression, adhesion bond stability, de-adhesion), 3) resisting forces of the cell against cell shape changes (cytoskeletal (CSK) fluidity, dynamics, stiffness)), and 4) resisting forces imposed by the matrix against deformations (enzymatic matrix degradation). Collagen matrix deformations due to contractile forces. An MDA-MD-231 breast carcinoma cell was allowed to invade into a collagen gel for two days and had reached a depth of approximately 200 µm below the gel surface. The left image shows the structure of the collagen matrix surrounding the cell, recorded with a modulation contrast imaging mode (in addition, the contrast was digitally enhanced to better visualize the collagen matrix). The cell was then treated with an over-dose of 250 µM ML-7 (a myosin light chain kinase inhibitor) to release cytoskeletal tension stored in the actin cytoskeleton and to detach the cell from the matrix. Within less than 2 minutes, the collagen matrix returned to its undeformed, relaxed state, and a second image was recorded (middle). The matrix deformations (right) were computed using a difference-with-interpolation method from the left (contracted) and the middle (relaxed) image (Raupach et al., 2007) . Regulation of contractile forces. Contractile forces are controlled by myosin light chain (MLC) phosphorylation, which in turn depends on the balanced activities of the myosin light chain kinase (MLCK) and myosin light chain phosphatase (MLCP). Force up-regulation: MLCP can be inhibited by phosphorylation either through Rho-associated kinase (ROCK), through zipperinteracting protein kinase (ZIPK), or through myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK) (dotted lines). ROCK has been shown to indirectly inhibit MLCP via ZIRP phosphorylation. ROCK is activated by the small GTPases RhoA and RhoC, and MRCK is activated by the small GTPase Cdc42. ZIPK, ROCK and MRCK have also been shown to directly phosphorylate MLC. Force down-regulation: p21-activated protein kinase 1 (PAK1) inhibits MLCK and is activated by the small GTPases Rac and Cdc42.
